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High-energy (HE) and low-energy (LE) collisionally activated decompositions of octaethyl-
porphyrin (OEP) and its metal complexes (ZnOEP and CuOEP) depend on whether the
precursor is produced by electrospray ionization as protonated molecules or by fast atom
bombardment as radical cations or protonated molecules. LE activation leads to such simple
product-ion spectra that a complete picture of fragmentation emerges only after nine stages of
tandem mass spectrometry (MS9). HE activation, on the other hand, gives product-ion spectra
that afford an integrated view of all the decomposition channels in a single MS/MS
experiment. These results are the basis of a recommendation that OEP is an appropriate model
compound for investigating energy effects in the collisional activation of organic and
bioorganic molecule ions. (J Am Soc Mass Spectrom 1998, 9, 767–774) © 1998 American
Society for Mass Spectrometry
Collisionally activated decompositions (CAD) canbe separated into two processes. The first is acollision, that is accompanied by conversion of
translational energy of the projectile ion into internal
energy, and the second is subsequent decomposition of
the activated ion. Despite widespread use of CA in
tandem mass spectrometry, the correlation between
collision energy and energy deposition is incompletely
understood [1, 2–4]. The subject was reviewed by
McLuckey [2] and by Hayes and Gross [3].
CA usually occurs via high-energy (keV) or low-
energy collisions (eV). Differences in the nature and
extent of fragmentation depend on the distribution of
internal energy deposited by these types of collisions [5,
6], as was reviewed by Vekey [6]. Large reaction-rate
constants (short ion lifetimes) pertain when the internal
energy of the precursor ion is high, and direct bond
cleavages typically occur. This is the case for high-
energy CA (used on sector instruments) where usually
only a few collisions occur. The distribution of internal
energy deposited by keV CA is wide, peaked at a most
probable value of a few electron volts (1–3 eV), but the
distribution has a high-energy tail, extending out to 15
eV or more, owing to electronic excitation of the pro-
jectile [2, 3, 6]. Long lifetimes are possible if the internal
energy of the precursor ion is low, allowing rearrange-
ment reactions to predominate. In triple quadrupoles
and ion traps, hundreds of low kinetic-energy (usually
1–100 eV in the laboratory frame) collisions give a
distribution peaked at 1 to 10 eV but with no significant
high-energy tail [3, 6]. This means that fragmentations
requiring large critical energy are observed with high-
energy collisions, but low-critical-energy processes
dominate upon low-energy CA [3, 6, 7]. Another differ-
ence is that upon high-energy collisions, electronic
excitation is important, whereas vibrational excitation is
important for low-energy CA [1, 8–10]. Nevertheless,
electronic excitation can also occur at low-energy CA of
small ions; this was shown for the acetone [11] and CS2
[12] by Futrell and co-workers.
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Because theoretical and experimental approaches to
understanding the energy deposition associated with
CA are difficult to implement, many have studied the
second step of CAD and looked at the differences in the
product-ion spectra of model compounds that have
been activated by both high- and low-energy CA. For
this latter approach to be useful, one chooses reference
compounds that have significantly different product-
ion spectra under the conditions of low- and high-
energy CA. One example is for peptide fragmentations
where product ions that are specific for amino-acid
isomers are observed upon high-energy but not low-
energy CA [13–16]. Another is for fatty acids where
charge-remote fragmentations occur by high-energy but
not by low-energy CA [17, 18]. Some differences also
prevail between fragmentations induced by low-energy
and high-energy CA of carcinogen-modified DNA
bases [19] and of aza and amino polynuclear aromatic
compounds [20]. The dissociation of n-butylbenzene to
ions of m/z 91 and 92 also has been used to determine
energetics of dissociations in mass spectrometry [21].
The classic compound class whose fragmentations re-
veal differences between low-energy, high-energy, and
surface collisions, however, is that of metal carbonyls
[22, 23]. The extents of decarbonylation of these rela-
tively simple compounds can be measured as a function
of collision energy to give internal energy distributions.
We seek another model compound that also under-
goes a set of consecutive reactions that are similar to the
decarbonylation of metal carbonyls and can be used to
delineate differences between the internal energies de-
posited by various types of CA. One criterion for this
model is its ability to undergo consecutive reactions
that are even more separated in their energy require-
ments than are those of the metal carbonyls. Such a
compound would permit one to compare high- and
low-energy fragmentations occurring not only in tan-
dem sectors and quadrupoles but also under the se-
quential CA steps that are now possible with the ion
trapping instruments.
Octaethylporphyrin (OEP) and its metal complexes
may be not only appropriate for investigating the effects
of translational energy in CA but also a model for
natural porphyrin systems. Numerous important dis-
coveries of heme structure and function can be credited
to model studies based on OEP and its metal complexes
[24, 25]. These compounds also have been widely used
as standards for geoporphyrins, which are important
biological markers found in sediments, petroleum sam-
ples, and rocks [26–29]. Furthermore, mass spectrome-
try has proved to be an important tool for the determi-
nation of porphyrins [30].
The purpose of this study is to compare porphyrin
fragmentations that are induced by high-energy colli-
sional activation on a four-sector tandem instrument
with those induced by low-energy collisions in a triple
quadrupole or by sequential collisional activation (MSn)
on an ion-trap mass spectrometer [31–34]. We intro-
duced in separate experiments OEP (I) and two metal-
loporphyrins, zinc(II) octaethylporphyrin (ZnOEP) and
copper(II) octaethylporphyrin (CuOEP) (II) into the
various mass spectrometers by using fast atom bom-
bardment (FAB) and electrospray ionization (ESI). We
expected that their fragmentations would be amenable
to study by energy-resolved mass spectrometry on a
triple quadrupole and that multistage mass spectrome-
try would be necessary for the porphyrins under low-
energy CA conditions because these porphyrins are
stable.
Experimental
High-energy collisionally activated decomposition (HE
CAD) spectra were obtained by using a VG ZAB-T
(Manchester, UK) four-sector instrument, which con-
sisted of two high-mass, double focusing mass spec-
trometers of an overall BEBE design [35]. To obtain
tandem mass spectra, the precursor ions were selected
with MS-1 and activated with collisions with helium gas
at a pressure sufficient to give 50% main-beam suppres-
sion. The fragment ions formed in the third field-free
region were detected with the single-point detector. The
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acceleration potential and the collision cell were at 8
and 4 kV, respectively, for FAB-produced ions. Data
acquisition was carried out with a VG OPUS 3.1 data
system and interfaced to the mass spectrometer by a VG
SIOS I unit.
For FAB ionization, samples were dissolved in chlo-
roform, and a 1-mL aliquot was loaded on the probe tip
with 1 mL of 3-nitrobenzyl alcohol or 1 mL of 3-nitro-
benzyl alcohol/glycerol/TFA 50/50/0.1%. The Cs1
gun was operated at 25 kV.
For HE CAD of ESI-produced ions, the VG-ZAB-T
instrument was equipped with a VG ESI source. The ESI
needle was at 8117 V, the sampling cone at 4196 V, and
the ring electrode at 4117 V. Nitrogen was used as a
bath and nebulizer gas at a flow rate of 400 and 12 L/h,
respectively. Samples were dissolved in dichlorometh-
ane/methanol 50/50 [36, 37] and were continuously
infused to the needle by using a Harvard model 22
syringe pump at a flow rate of 10 mL/min.
Low energy, collisionally activated decomposition
(LE CAD) experiments were carried out with a Finnigan
LCQ (San Jose, CA) ion-trap mass spectrometer
equipped with an electrospray-ionization source. All
samples were introduced into the electrospray source at
a flow rate of 8 mL/min. The spray needle was held at
4.2 kV, and a 70-lb./in.2 co-axial flow of nitrogen was
used to stabilize the spray. A heated (200 °C) stainless
steel capillary held at 13.5 V served as a counter
electrode. In all experiments, helium was introduced to
a pressure of 1 mtorr (measured by a remote ion gauge)
for improving the trapping efficiency of the ion trap.
The background helium gas also served as the collision
gas during the CAD event.
A typical set of experimental parameters consisted of
ion injection times of 100–300 ms, and ion detection
using the mass-selective instability mode with reso-
nance ejection at a scan rate of 5000 u/s. Ions were
detected by a 15-kV conversion dynode followed by a
channeltron electron multiplier. The solvent system
dichloromethane/methanol/acetic acid (50/49.5/0.5%)
was used as carrier solvent for the OEP and ZnOEP
samples to obtain the protonated porphyrin [36, 37].
The solvent system dichloromethane/methanol 50/50
was used for CuOEP and ZnOEP.
Collisional activation of the ions proceeded via mul-
tiple low-energy collisions with helium. Energetic col-
lisions were promoted by subjecting a precursor ion to
kinetic excitation via a tickle voltage applied to the end
caps. The applied energy for LE CAD was approxi-
mately 25 eV.
The energy-resolved spectra were acquired on a
Finnigan TSQ 7000 (San Jose, CA) triple quadrupole
mass spectrometer. Samples were introduced as a solu-
tion with electrospray source under conditions similar
to those for the ESI-LCQ. For MS/MS experiments,
helium was used at a pressure 2 mtorr (ion gauge
reading). The collision energy was varied by changing
the offset voltage of Q2 with respect to that of Q1. The
variation of the product-ion spectrum with collision
energy was investigated in the range of collision ener-
gies from 30 to 100 eV (laboratory energy).
The OEP and its metal complexes were synthesized
by using methods described in the literature [38–40].
No impurities were detected by TLC, and the structure
of OEP was in accord with a proton NMR spectrum.
Results
High Energy CAD of FAB-Produced Ions
FAB of the OEP and its metal complexes, ZnOEP and
CuOEP, in the matrix of 3-nitrobenzyl alcohol (3-NBA)
produced molecular radical cations (M1z) at m/z 534,
596, and 595, respectively. To desorb a protonated OEP,
we used a more acidic matrix, 3-NBA/glycerol/TFA
50/50/0.1%. We were unable to obtain the mass spectra
of the metalloporphyrins with this matrix owing to
acid-induced demetalation [41].
The HE CAD of both the M1z and [M 1 H]1 ions are
surprisingly similar, and we were able to see fragmen-
tation involving all eight substituent groups (Figure 1A,
B). For the MS/MS analysis, we must co-select the
[M 1 H]1 and the 13C1 of the M
1z ion because the
resolving power on the tandem four-sector instrument
is not sufficient to separate these two ions (a resolving
power of 120,000 is needed). Looking more closely, we
see several differences in these two spectra. The relative
abundances of the principal product ions are different,
allowing one to distinguish the CAD spectra of the
radical cation and the protonated molecule, and also
those of the free base and its metallocomplexes. The HE
CAD mass spectra of the M1z of both metalloporphyrins
are similar.
The molecular radical cations of either OEP or its
metal complexes undergo a facile benzylic-type cleav-
age to expel a methyl radical. This loss of CH3
z is typical
of ethyl-substituted porphyrin molecular ions [42]. Loss
of a second methyl, with formation of an [M 2 30]1z ion,
occurs less readily and is always accompanied by an
[M 2 29]1 ion, which probably arises by the loss of an
ethyl radical. Comparing the HE CAD spectra of the
M1z ion of OEP and that of ZnOEP, we see that the m/z
505 [M 2 29]1 and m/z 506 [M 2 30]1z ions are of
similar relative abundance for the former, whereas for
the latter the m/z 566 [M 2 30]1z fragment ion is more
abundant than the [M 2 29]1 ion (Figure 1A, C).
Additional losses of at least eight methyl radicals occur,
and odd-number losses give more abundant products
because they are stable, even-electron species. We also
conducted mass-analyzed ion kinetic energy spectrom-
etry (MIKES) experiments and obtained some evidence
for losses of eight methyl groups. The resolving power
of MIKES is insufficient, however, to make any distinc-
tion involving peaks separated by 1 u. A similar prob-
lem plagued earlier experiments with two-step laser
ionization and time-of-flight mass analysis [43], where
extensive losses of methyl groups were also seen.
The difference between the CAD spectra of metallo-
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OEP and OEP is attributed to the differences in the
electronic properties of the two species. For the metallo-
OEP, there is a driving force in ionization to remove an
electron from the metal and maintain the aromaticity of
the macrocycle. For both OEP and metalloporphyrins,
various combinations of methyl and ethyl-radical losses
occur to give other, low-abundance products.
In the HE CAD of the [M 1 H]1 of OEP, the main
fragmentation is formation of (M 1 H 2 16)1 ion of
m/z 519, although elimination of CH3
z is also facile. The
loss of 16 u, presumably methane (Scheme I), is consis-
tent with the even-electron-ion rule, and when com-
pared with that of CH3
z , distinguishes protonated por-
Figure 1. (A) HE CAD product-ion spectrum of FAB-produced (M 1 H)1 ions from OEP; (B) HE
CAD product-ion spectrum of FAB-produced M1z ions from OEP; (C) HE CAD spectrum of
FAB-produced M1z ions from ZnOEP.
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phyrins and their radical cations. Other fragment ions
of m/z 505, 491, 475, 461, 446, 431, and 415 are attrib-
uted to losses of even numbers of radicals; for example,
ions of m/z 505, 491, and 475 are assigned as (M 1 H 2
2CH3)
1, (M 1 H 2 CH3 2 C2H5)
1, and (M 1 H 2
4CH3)
1, respectively. The product ions from the losses
of even numbers of radicals from the molecular ion are
of higher abundance than those arising from the losses
of odd numbers of radicals.
High-Energy CAD of ESI-Produced Ions
To assess the influence of the ionization method on the
product-ion spectra, we also used ESI. The governing
assumption in this article is that ions produced by FAB
contain more internal energy than those produced by
ESI [44]. We acquired the spectrum of the ESI-produced
ZnOEP M1z ion under the same activation conditions as
for the FAB-produced ions to test whether internal
energy affects HE CAD spectra. The spectrum requires
more magnification (approximately 2.5 times) but still
shows the eight multiplets that correspond, in part, to
losses of eight methyl groups, serving as a count for the
number of substituents as they do for FAB-produced
ions. Internal energy has minimal effect on the CAD
spectra of porphyrins of this type. The complex multi-
plets accompanying the peaks for sequential loss of
methyl find explanation in the low-energy CAD spectra
discussed below.
Low-Energy CAD of ESI-Produced Ions
Electrospray ionization of porphyrins produces radical
cations, [M 1 H]1 ions, and some [M 1 2H]1 and
[M 1 3H]1 ions (presumably formed by reduction) but
no fragment ions. LE CA in either a triple quadrupole or
an ion trap causes fragmentation whose simplicity
contrasts dramatically with that produced by HE CA.
The fragment ions are those that require the lowest
energy, but one step of activation produces insufficient
fragmentation for structure determination. We were
able to solve this problem and perform nine stages of
mass analysis (MS9) in the ion trap after ESI of OEP
(Figure 2), ZnOEP (Figure 3), and CuOEP.
The opening fragmentations of the [M 1 H]1 ions of
OEP include four different cleavages that lead to ejec-
tion of methyl or ethyl radicals, to produce odd-electron
species, and expulsion of neutral methane and ethene,
to give closed shell ions. After initial losses of C2H5 or
CH3 radicals, the sequential loss of another methyl
radical occurs as a dominant fragmentation pathway
(Schemes II and III), whereas following the CH4 and
C2H4 neutral losses, losses of both CH3 and C2H5 occur
as major fragmentations. The radical-cation species are
more reactive than their closed-shell counterparts, as
expected, and tend to fragment more readily by expel-
ling, in most cases, only the methyl radical. Closed-shell
or even-electron ions are less reactive and appear as
more abundant ions.
Figure 2. MSn spectra of protonated OEP.
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To investigate in another way the low-energy CA
process, we obtained energy-resolved spectra (Figure 4)
on a triple quadrupole mass spectrometer. Although a
pattern of a sequential and extensive fragmentation is
revealed, it is difficult to assign pathways on the basis
of the data. One phenomenon is clearly seen: the
closed-shell ions maintain higher relative abundances
on the energy-resolved diagram (breakdown curve)
than do the radical ions. There is also smaller separation
of fragmentation onsets between radical cations and the
next lower mass closed-shell ions than between closed-
shell ions and lower mass radical ions, and this is
consistent with the stability argument.
Returning to the ion trap, we followed each series of
fragmentations up to MS9 (the highest permitted with
the commercial instrument) and found a consistency in
fragmentation pathways (Scheme IV). In the Scheme, all
entries in a given row are separated by 30 u (e.g., 504,
474, 444, etc.). There is no evidence, however, for loss of
30 u (C2H6). Instead, the OE ions fragment almost
Figure 3. MSn spectra of protonated ZnOEP.
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exclusively by loss of methyl radicals. We picture the
radical (OE) ions as distonic species, and the methyl loss
is radical triggered (see Schemes II and III). The closed-
shell (EE) ions, on the other hand, fragment by losing
both methyl and ethyl radicals to give presumably two
new distonic radical ions. This complex set of consecu-
tive fragmentation is responsible for the numerous
series of ions that are fortuitously separated by 30 u.
One can now understand the origin of the complex
multiplets that are resolved in the high-energy product-
ion spectra.
The molecular species observed in the ESI mass
spectra of ZnOEP and CuOEP depend on the nature of
the solvent system from which they are sprayed. When
OEP and the metallo-OEP were sprayed from dichlo-
romethane/methanol/acetic acid (50/49.5/0.5%), we
observed the protonated molecule for the three com-
pounds. When we used dichloromethane/methanol
50/50, however, we observed the ZnOEP and CuOEP
molecular radical cations, which is not surprising be-
cause metalloporphyrin radical cations are stable in
solution [38]. We did not expect to see the [M 1 H]1 ion
for metalloporphyrins because Van Berkel et al. [36, 37]
observed this ion only for OEP and vanadyl OEP and
not for ZnOEP and CuOEP when using the solvent
system with acetic acid.
The opening fragmentations of the [M 1 H]1 of both
OEP and ZnOEP are a-cleavages to eject an ethyl
radical. For ZnOEP, we propose that the presence of the
metal ion favors protonation of the periphery of the
porphyrin, as shown in Scheme V. This favorable site of
protonation is consistent with the concept of a porphy-
rin as an aromatic macrocycle with electron density at
the periphery, especially for metalloporphyrins for
which the four inner nitrogens are linked to the metal
and not available for protonation. In contrast, collisional
activation of the radical cation yields a different major
product ion. The predominant loss of CH3
z via b-cleav-
age of an ethyl group is typical for ethyl-substituted
porphyrin molecular ions, whereas loss of C2H5
z via
a-cleavage is typical for protonated porphyrins [33].
Additional stages of LE CAD of the protonated ZnOEP
showed product ions due to alternating losses of CH3
z
and C2H5
z .
The first elimination of Etz, observed in MS2 of
protonated ZnOEP, is rationalized as proceeding via an
electrophilic-type substitution (Scheme V). The bromi-
nation of OEP in solution [45] is an analogy; attachment
of a proton to a b-pyrrolic position of the free-base
porphyrins occurs with consequent elimination of the
ethyl radical.
In summary, this work demonstrates the utility of
OEP and its metal complexes as models for collisional-
energy effects on ion fragmentation. The results from
low-energy CA on the triple quadrupole and especially
by higher order MS/MS on the ion trap allow one to
prove the sequential nature of the fragmentations. Un-
der any given low-energy CA condition, however, one
Figure 4. Energy-resolved spectrum (breakdown curve) of
(M 1 H)1 ions from OEP. Even-electron ions are represented as
EE and odd-electron ions are represented as OE.
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obtains only a small fraction of the total fragmentation
chemistry. High-energy CA on the four-sector instru-
ment gives an integrated picture of all the consecutive
fragmentations, which are only seen after nine stages of
MS/MS in the ion trap. This integrated picture is nearly
impossible to interpret, however, without the detailed
results from the ion trap.
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